A combined system of on-ramp control and variable speed limits (VSL) was simulated for an actual network using the VISSIM program. The socioeconomic impacts of this combined system were evaluated using benefit cost analysis (BCA), data envelopment analysis (DEA) and a comprehensive evaluation model involving DEA and analytic hierarchical programming (AHP). Comparison of these methods showed that DEA sometimes cannot identify the optimal scenario. To overcome this limitation of DEA, a comprehensive evaluation model was constructed to combine the objective analysis of DEA with the subjective analysis of AHP. The results show that the DEA/AHP combined method can evaluate socioeconomic impacts more comprehensively and objectively. The scenarios evaluated also indicate that applying a combined system of on-ramp control and variable speed limits on the road investigated could bring general socioeconomic benefits by saving journey times, improving safety, increasing capacity and improving the environment.
I. INTRODUCTION
ESEARCH into intelligent transportation systems (ITS) is increasing in importance around the world. Park and Yadlapati evaluated variable speed limits (VSL) based on mobility and safety [1] . The results showed improvements in travel mobility based in terms of saving journey time and increments in throughput, and in security using the minimum safety distance equation (MSDE). Borrough evaluated the effect of VSL applied to one of the most congested freeways in the UK [2] and found that VSL could effectively smooth traffic flow and reduce accidents. Ramp metering is another important aspect of ITS. The Minnesota Department of Transportation and Cambridge Systematics evaluated the 210-mile freeway in the Twin Cities area and compared situations with and without ramp meter control [3] . The study evaluated: (i) traffic volumes and throughput; (ii) travel time; (iii) travel time reliability; (iv) safety; (v) emissions; (vi) fuel consumption; and (vii) benefit/cost analysis. The results indicated that ramp metering could lead to a socioeconomic benefit of approximately $32 million per year. Although This work was supported in part by the National Natural Science Foundation of China under grant number 50578094，50338030.
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Using a combined system of on-ramp control and VSL, this study evaluated a strategy to control and improve traffic flow on a freeway. A VSL system can maintain speed uniformity, spacing and time, thus avoiding fluctuations and leading to a smoother traffic flow. Furthermore, for the safety of merging vehicles, on-ramp control can increase the uniformity of traffic density in terms of spacing and time, thus eliminating disturbances that arise from uneven density, preventing traffic jams and reducing delays. A survey of the Changping freeway (Changchun-Siping) was carried out and data were collected, then different scenarios were simulated using a combined system involving on-ramp control and VSL for different traffic demand levels. Benefit cost analysis (BCA) was used as the basic evaluation method, along with data envelopment analysis (DEA) and DEA/analytic hierarchical programming (AHP) as extended methods to analyze the socioeconomic impacts of the combined system. The aim of the study was to identify a reasonable control scenario and provide a framework for realizing the combined control system.
II. EVALUATION INDEX AND METHOD
Evaluation of the combined system with on-ramp control and VSL involved positive (benefit indexes) and negative indexes (cost indexes). The positive indexes are: saving total journey time, reducing speed deviation (SD), saving energy, and decreasing emissions. The negative indexes are: cost of construction and maintenance of a traffic management center, investment costs, and maintenance of the system infrastructure.
BCA, DEA and DEA/AHP methods were used to analyze different scenarios. Considering the limitations of BCA, uniform and non-uniform evaluation models for DEA/AHP were constructed based on the DEA method. Fig. 1 shows the framework for combined system evaluation. 
III. SCENARIO SIMULATION
Computer simulation was based on the circular freeway of Changchun city, which is part of the Changping freeway. The simulations were implemented with VISSIM, which is a microscopic, behavior-based, multi-purpose traffic simulation program. The simulated road position is shown in Fig. 2 . The length of road simulated was 12 km, comprising a two-lane, single-directional roadway. The width of each lane is 3.75m and the stretch contains two ramps; the Jingyue ramp is at k118+794 and the Changchun ramp is at k109+180 on the Changping freeway. The simulation direction was from north to south. Field surveys of the vehicle speeds and traffic volumes were carried out using a laser instrument to identify vehicle license tags. The survey data were input into a computer database for analysis and classification. Statistical analyses were carried out to obtain the free-flow speed and the percentage of different vehicle types, as shown in Table I . The volume for the main freeway and each ramp and their proportions are show in Fig. 3 .
The survey showed that traffic volumes on the Jingyue entrance ramp are quite large, so on-ramp control is necessary. However, the entrance volume for the Changchun ramp is significantly lower than the exit volume, so it was not controlled in the simulation scenarios. 
TABLE I FREQUENCY OF DIFFERENT VEHICLE TYPES ON THE CHANGPING FREEWAY
The method of on-ramp control can be classified as follows: (i) timed adjustment of the entrance ramp; (ii) dynamic (induction) entrance ramp adjustment; (iii) merging control for the entrance ramp; (iv) unitary timed control of the entrance ramp; and (v) optimal control of the freeway entrance [4] . In this investigation, dynamic (induction) entrance-ramp adjustment was applied at the Jingyue ramp. VSL signs were set up at k117+0, k110+0, and k108+50, as shown in Fig. 3 . The strategies for VSL control can be classified as fuzzy control, optimal speed limit based on visibility, and optimal speed limit based on traffic volume. In this investigation, the weather conditions were not considered, so the optimal speed limit was based on traffic volume as the strategy for VSL control. Before implementing combined control, VSL simulation was carried out to identify the optimal speed limit under different conditions. The road simulated was the main freeway between the two ramps, with the same geometric size, traffic volume and frequency of vehicle types as for the above survey. Analysis of the results showed that for a volume of 2800 veh/h, a speed limit of 100 km/h had a positive benefit, indicating a saving in journey times. Using the same method, the optimal speed limits under other traffic conditions were calculated, as shown in Fig. 4 . The designated speed of 120 km/h and a congestion density of 73.8 veh/km [5] were assumed and used in (1) to obtain the theoretical optimal speed limits [4] . These are compared with the simulated values in Fig. 4 
where: v i are the theoretical optimal speed limits; v fi is the designated lane speed; q s is the traffic volume; and ρ i is the congestion density of the lane. 
IV. SCENARIO DESIGN
The input flow for the freeway was between 2000 and 3600 veh/h, in increments of 400 veh/h. The proportion of vehicle types used at the entrance and exit for each ramp was consistent with the proportions actually surveyed. Considering the choice of scenarios and the proportion of the traffic volume on the Jingyue entrance ramp, 20% was used as the increment. Each optimal speed limit was selected from Fig. 4 based on the traffic volume. Under each traffic condition, one scenario did not implement on-ramp control, but only actuated VSL (for volumes of <2000 veh/h, there is no demand for VSL, so this was not a practical scenario). The simulation output values for 3 hours were averaged to give 1 hour data, which are shown in Table II. V. BENEFIT-COST ANALYSIS OF THE COMBINED SYSTEM BCA of the system with combined on-ramp control and VSL can directly identify the monetary value of benefits and costs, which is of great interest to the government and investors. BCA was carried out to compare scenarios that implement the combined system with those that only implement VSL for different traffic volumes. Mainly the benefits arising from savings in journey time and reductions in fuel consumption are estimated. For scenarios with no saving in journey time, no evaluation of such implementation was carried out.
Benefits of savings in journey time for goods transportation are gained from a reduction in capital turnover time, brought about by increased traffic speed. The benefits can be calculated from the reduced payment of capital interest, according to the following equation:
where: B h is the benefit of savings in journey time for goods (RMB yuan/h); Q hj is the volume/h for truck type j (veh/h); W j is the average carrying capacity of truck type j (t/veh); P hj is the average price of goods carried by truck type j (RMB yuan/t); TS is the average time saved by each vehicle after implementing the combined system (s); and i is the discount rate.
The benefit of savings in journey time for passengers can increase the gross national product. This benefit can be calculated from the average gross national product for each passenger per year according to:
where: B k is the benefit of savings in journey time for passengers (RMB yuan/h); Q kj is the volume of car type j (veh/h); W j is the average number of passengers carried by car type j (persons/veh); I c is the average passenger gross national product/h (RMB yuan/person); and P is the percentage of passengers who can create GNP on the freeway.
The benefit of reducing oil consumption can be attributed to the improvement in smooth traffic flow of the combined system according to:
where B y is the benefit of savings in oil consumption (RMB yuan/h); Q is the volume/h (veh/h); F is the reduction in fuel per vehicle after implementing the combined system (L/veh km); P ry is the average price of fuel (RMB yuan/L); and H is the total length of the survey road.
Three types of benefit increment were chosen from the scenarios with a saving in journey time, and used the parameters in the equations based on the actual data from Zhu's study [5] . We converted these data into total present value benefit (PVB) using a cycle of 10 years and taking 10% as discount rate per year. The results are shown in Table IV . The cost can be divided into construction and maintenance cost for the combined system. Based on the benefits and costs of VSL and on-ramp systems in [6] , the construction and maintenance costs of implementing the combined system were assessed. The data are shown in Table III . Using these data, the total present value cost (PVC) was calculated using a cycle of 10 years and a discount rate of 10%. The results are shown in Table IV . Based on the total present value of the benefits and costs, the net present value (NPV) and benefit-cost ratio (BCR) were calculated for each scenario. The results are shown in Table IV . It can be concluded from the simulated results for the combined system that when traffic volume on the main freeway is <2000 veh/h and ramp volume is 750 veh/h, and when traffic volume on the main freeway is 2400 veh/h and ramp volume is 900 veh/h, the total journey time for some on-ramp control scenarios are all longer than the original scenario with no on-ramp control, which means that in these cases there is no need to implement on-ramp control. However, when traffic volume on the main freeway is 2400 veh/h and the on-ramp volume is 900 veh/h, application of VSL could lead to a benefit, but with a BCR of <1, this scenario might be rejected.
VI. DEA ANALYSIS OF THE COMBINED ON-RAMP CONTROL AND VSL SYSTEM
BCA of the combined system ignores some important indexes that are not monetary. (i) Speed deviation (SD) reflects the smooth flow of traffic, and higher values usually indicate frequent congestion, less comfort and more accidents. (ii) Lower emissions mean less pollution of the environment, which is increasingly important, so this index should not be ignored. Thus, a multi-criterion analytic method was used to evaluate the combined system. DEA is a multi-criterion analytic method that, based on the input and output data for evaluated object (called the decision-making unit, DMU), assesses and ranges each DMU in terms of relative efficiency. The characteristic of DEA is to select the best weight for each DMU, and results are not affected by any man-made factor. Furthermore, DEA can be directly implemented without assuming the input and output functions beforehand. Hence, this method has broad applicability for multi-criterion evaluation. DEA, which was first established by Charnes et al. [7] , has been developed so that it is now a broad evaluation method based on the concept of relative efficiency. Since the appearance of the first model C2R in 1978, new models and other important theories have been developed, and the practical application of models has also increased. In addition, DEA is very effective, since it considers the best practical performance of all units rather than the average. Each DMU is compared with all other DMUs. If the ratio of the sum of all weighted outputs to the sum of weighted inputs is greater than or equal to the efficiency of every other unit, then this unit is defined as being efficient, and vice versa. DEA uses mathematical programming to search for the optimal index weight share from the different weight shares for every evaluation scenario, so that the result is objective and fair [8] .
The relative efficiency of target unit DMU j0 is h j0 (0≤h j0 ≤1) (estimated DEA value), which is calculated by the program used as follows: 
where: y rj =DMU j is the quantity of output r; x ij =DMU j is the quantity of input i; u r is the weight of input r; v i is the weight of output i; n is the number of DMUs; t is the number of outputs; and m is the number of inputs [7] .
When applying DEA for evaluation, each scenario was defined as a DMU as in Table V . The input indexes are the cost of construction and maintenance traffic management central (X1, in 10,000 RMB yuan) and the cost of investment and maintenance system infrastructure (X2, 10,000 RMB yuan). The output indexes are the decrease in total journey time for the whole freeway (Y1), the reduction in SD (Y2), the saving in fuel consumption (Y3) and the decrease in emissions (Y4).
The input and output indexes and the result of DEA analysis are shown in Table V . Among these, the saving in total journey time was negative for DMU1, DMU2, DMU3, DMU4, DMU5, DMU6, DMU7, and DMU8, so these DMUs were not used for DEA evaluation.
VII. DEA/AHP ANALYSIS OF THE COMBINED ON-RAMP CONTROL AND VSL SYSTEM
The analytical DEA results showed four scenarios with DEA efficiency values of 1.0000 and the same ranks for a volume of 3600 veh/h, so the optimal of these four scenarios cannot be identified. This indicates a limitation of DEA, in that the weight of each index depends on mathematical programming to search for optimal allocation. This relies on the actual data for the input and output indexes, and cannot reflect the preference of the decision-maker. To overcome this limitation of the DEA method, a comprehensive DEA/AHP evaluation model was constructed. This combines the objective analysis of DEA with the subjective analysis of AHP, using DEA as the central model and AHP as the assistant. The process flow is shown in Fig. 5 .
AHP is a multi-criterion analytic method commonly used in engineering systems that was proposed in the 1970s by T.L. Saaty. The method, a combination of quantitative and qualitative analysis, can solve complicated problems that are hard to solve using quantitative methods only, and expresses a subjective judgment that is quantitative. Its basic principle involves first breaking a complicated problem into many factors, then formatting a step-up layer structure by grouping. These factors are then layered according to the predominant relationship. The relative weight of these factors in the decision area is confirmed by comparing the relative importance of each factor in the layer. A judgment is made, then the orders for a single layer and for the final layer are calculated. Considering the socioeconomic, environmental and safety benefits of the combined system, three groups of weight allocation vectors were identified, and a program for calculating and analyzing the weight vectors, as reported by Zhu [5] , was used:
based on the weights of input and output indexes such as v 1 and u 1 . Moreover, the weight restriction area could be confirmed using the following framework: 
The priority value of DMU j0 can be calculated using a mathematical program, that is, the optimal value of target function h j0 *, with the corresponding optimal weight values v i * and u r *.
When the DMUs were evaluated using DEA/AHP, the scenarios and indexes used were as above. The results are shown in Table V. The BCA, DEA and DEA/AHP results show that when traffic volume is 2800 veh/h on the main freeway and 1000 veh/h on the on-ramp, the BCR value is greater for VSL only than for the combined system. However, when indexes that are not monetary are added to the evaluation, the effective value of the combined system is greater than for VSL only. This indicates that applying the combined system could lead to better socioeconomic benefits. DEA showed that when traffic volume is 2800 veh/h on the main freeway, and 1000 veh/h on the ramp, passing 80% is the optimal control scenario for the combined system. However, for a traffic volume of 3200 veh/h on the main freeway and 1200 veh/h on the ramp, passing 80% is also an optimal control scenario. For a volume of 3600 veh/h on the main freeway and 1400 veh/h on the ramp, traffic would jam without the use of any control and the total journey time would increase remarkably. After implementing on-ramp control in some scenarios, some better results were obtained, but DEA analysis could not confirm the weight of each index. Thus, several scenarios had the same effective value, so it is difficult to identify the optimal control method. Finally, the DEA/AHP method was used, which could confirm the weight of each index based on a decision-maker's practical experience. Using this method, the optimal speed and passing 20% could be identified as the optimal control scenario.
VIII. CONCLUSION
Based on the social, economic, and environmental impacts of the combined system scenarios, a scientific and practical evaluation system was established. A comprehensive model involving BCA, DEA and DEA/AHP methods was then used to evaluate the socioeconomic impacts of the combined system scenarios. This comprehensive method overcomes the limitations of the BCA method in the field of ITS evaluation, so that evaluation results are more effective and objective.
